Recent advances in single-cell genomic and metagenomic techniques have facilitated the 34 discovery of numerous previously unknown, deep branches of the tree of life that lack cultured 35 representatives. Many of these candidate phyla are composed of microorganisms with 36 minimalistic, streamlined genomes lacking some core metabolic pathways, which may contribute 37 to their resistance to growth in pure culture. Here we analyzed single-cell genomes and 38 metagenome bins to show that the "Candidate phylum SPAM" represents an interesting 39 exception, by having large genomes (6-8 Mbps), high GC content (66%-71%), and the potential 40 for a versatile, mixotrophic metabolism. We also observed an unusually high genomic 41 heterogeneity among individual SPAM cells in the studied samples. These features may have 42 contributed to the limited recovery of sequences of this candidate phylum in prior metagenomic 43 studies. Based on these observations, we propose renaming SPAM to "Candidate phylum 44 Solagigasbacteria". Current evidence suggests that Solagigasbacteria are distributed globally in 45 diverse terrestrial ecosystems, including soils, the rhizosphere, volcanic mud, oil wells, aquifers 46 and the deep subsurface, with no reports from marine environments to date. 47 48 49 50 51 52 53 54 55 56 Here we present genomic sequences from 19 individual SPAM cells from aquifers of 81 different depths in Nevada, South Dakota and South Africa. We compare genomic data from 82 these individual cells to SPAM metagenome bins from Nevada groundwater, a Tabebuia 83 rhizosphere in Puerto Rico, and a prior study of the Rifle DOE Scientific Focus Area (SFA) in 84 Colorado (Anantharaman et al., 2016), where the first metagenome bins of these organisms were 85 obtained. This first global 16S rRNA gene survey of SPAM suggests that they comprise a 86 monophyletic, phylum-level lineage that is most closely related to Nitrospirae. Different from the 87 Nitrospirae, SPAM genomes are consistently large, with high %GC and the potential for a 88 mixotrophic metabolism, all packaged within small cells. SPAM cells are also characterized by 89 an unusually high genomic heterogeneity among individuals, with no environments identified to 90 date with near-clonal populations. The unique combination of large genomes encoding the ability 91 for a generalist metabolic strategy in oligotrophic environments, and contained within small 92 cells, is a rare observation among the recent explosion of candidate phyla characterization 93 (Castelle et al., 2015; Anantharaman et al., 2016; Hug et al., 2016b). High level of genetic 94 heterogeneity among SPAM individuals in studied samples is another intriguing feature that may 95 present certain challenges to their investigations.
INTRODUCTION 57
Technological innovations in single-cell genomics and metagenomics have led to a rapid 58 improvement in our understanding of the genomic features, evolutionary histories and metabolic 59 tube and transported on ice to the laboratory. The rhizosphere samples were obtained by washing 139 the roots with 25 mL 1X PBS/Tween20 and shaken at 240 rpm horizontally for 1 hour, and 140 frozen at -80 °C. The PBS/Tween20 solution with the rhizosphere was centrifuged at 9,000 g for 141 20 min at 4 °C. Genomic DNA was extracted from the resulting pellet using the MoBio 142 PowerSoil DNA Isolation Kit with bead tubes (Carlsbad, CA) following Earth Microbiome 143 Project standard protocols (http://www.earthmicrobiome.org/protocols-and-standards/). Site 144 images and the physicochemical characteristics of these field samples are reported in 145 Supplemental Figure 2 and Supplemental Table 1 . 146 Single-cell genomics 147 The generation, identification, sequencing and de novo assembly of single amplified 148 genomes (SAGs) was performed at the Bigelow Laboratory Single Cell Genomics Center 149 (scgc.bigelow.org). The cryopreserved samples were thawed, pre-screened through a 40 m 150 mesh size cell strainer (Becton Dickinson) and incubated with the SYTO-9 DNA stain (Thermo 151 Fisher Scientific) for 10-60 min. Fluorescence-activated cell sorting (FACS) was performed 152 7 using a BD InFlux Mariner flow cytometer equipped with a 488 nm laser and a 70 μm nozzle 153 orifice (Becton Dickinson, formerly Cytopeia). The cytometer was triggered on side scatter, and 154 the "single-1 drop" mode was used for maximal sort purity. The sort gate was defined based on 155 particle green fluorescence (proxy to nucleic acid content), light side scatter (proxy to size), and 156 the ratio of green versus red fluorescence (for improved discrimination of cells from detrital 157 particles). Individual cells were deposited into 384-well plates containing 600 nL per well of 1x 158 TE buffer and stored at −80 ºC until further processing. Of the 384 wells, 317 wells were 159 dedicated for single particles, 64 wells were used as negative controls (no droplet deposition), 160 and 3 wells received 10 particles each to serve as positive controls. Index sort data was collected 161 using the BD FACS Sortware software. The DNA for each cell was amplified using WGA-X, as 162 previously described in Stepanauskas et al. (Stepanauskas et al., 2017) . Cell diameters were 163 determined using the FACS light forward scatter signal, which was calibrated against cells of 164 microscopy-characterized laboratory cultures (Stepanauskas et al., 2017) . 165 Illumina libraries were created, sequenced and de novo assembled as previously Genomes database at the Joint Genome Institute (accession numbers pending).
174
The 16S rRNA gene sequences were aligned using SINA alignment software (Pruesse et 175 al., 2012) . Phylogenetic trees were inferred by MEGA 6.0 (Tamura et al., 2013) were misclassified as Nitrospirae in public databases (green arrows in Figure 1 , also see Rokubacteria, and we propose retaining this name for a class within Solagigasbacteria.
246
Rokubacteria encompassed the majority of Solagigasbacteria sequences originating from both 247 11 soils and shallow terrestrial subsurface environments. The majority of Rokubacteria SAGs from 248 OV-2 fell into a subclade comprised exclusively of 16S rRNA gene sequences from subsurface 249 sites. The second class-level lineage included a smaller set of sequences that originate 250 exclusively from terrestrial subsurface sites. We propose naming this candidate class 251 "Candidatus Infratellusbacteria" (hereby referred to as Infratellusbacteria), in order to reflect the 252 predominant environment in which these microorganisms have been detected so far.
253
The sources of samples from which Solagigasbacteria 16S sequences were retrieved (25 254 in total; including 19 previously sampled sites (Figure 1) , suggest a cosmopolitan distribution in 255 soils and terrestrial subsurface, with no evidence so far for presence in marine environments. Table 4 ). Genes of potential viral origin and CRISPR regions were 332 also identified in most Solagigasbacteria SAGs (Supplemental Table 4 ). The contigs that Table 5 ). Further experimental work is required to confirm these predictions.
353
Solagigasbacteria contain numerous genes that are typical of gram-negative (diderm) 354 organisms, including the majority of genes involved in the production and transport of lipids Table 5 ). We also identified genes in 3 Rokubacteria SAGs and 361 Infratellusbacteria OV-2 bin 8 that are predicted to encode flagella structural proteins, while 362 propeller filament genes were absent in all SAG assemblies and metagenome bins (Supplemental 363 Figure 1 ). While OV-2 bin 8 contained genes involved in flagella assembly, Infratellusbacteria Figure 7) . See Supplemental Section I for detailed metabolic predictions.
374

Comparison of Solagigasbacteria assemblies from single cells and metagenomes 375
The availability of several partial genomes of Solagigasbacteria from single cells and 376 metagenomes from this and prior studies (Table 1 and Supplemental Table 3 ) offered an 377 opportunity to compare the type and quality of information that can be extracted using these two 378 approaches. Genome completeness is one important quality metric of de novo assemblies. The 379 ratio of the number of single copy marker genes that are found versus expected in an assembly is 380 the most commonly use proxy for genome completeness and is implemented in popular 381 computational tools, such as checkM (Parks et al., 2015) . In our study, checkM-based estimates 382 of assembly completeness of Solagigasbacteria SAGs and metagenome bins ranged between 1-383 40% and 14-100%, respectively, suggesting that individual SAG assemblies tended to be less 384 complete than metagenome bins (Table 1) . However, the higher average completeness of 385 metagenome bins came with important caveats: high estimated contamination in five out of eight 386 bins ( Table 1) , absence of rRNA genes in six out of eight bins, and the lack of knowledge of the 387 number and genetic diversity of cells that contributed genomic sequences to each bin. These 388 caveats may limit the interpretability of metagenome bins in the context of microbial ecology 389 and evolution and outweigh the benefits of their higher estimated completeness.
390
While the checkM-based estimates of SAG contamination were always below 1%, they 391 ranged between 1-332% (average 95%) in our OV2 for metagenome bins (Table 1) and between 392 2-14% in bins of an earlier study (Anantharaman et al., 2016) ( Supplemental Table 3) , 393 suggesting quality limitations of most bins (Table 1) . These observations are in general 394 agreement with the recent benchmarking effort employing > 1,000 previously sequenced strains 395 of microorganisms and mobile genetic elements, which found that the performance of 396 metagenome assembly and binning is impaired by the presence of related strains in a sample 397 (Sczyrba, 2017).
398
The checkM estimates of contamination are based on the phylogenetic placement of the 399 assembly's single copy marker genes against a built-in database (Parks et al., 2015) , which lacks 400 many uncultured lineages, including Solagigasbacteria. To the best of our knowledge, the ability 401 of checkM to detect contamination that originates from lineages that are absent from its database 402 has never been evaluated. To address this question, we created pairwise combinations of 403 assemblies of each Infratellusbacteria SAG with each Rokubacteria SAG. The checkM-estimated 404 contamination in these combined assemblies was significantly smaller than the real, cross-class 405 contamination ( Figure 5 ), suggesting that checkM may fail detecting contamination from 406 lineages not represented in the checkM database. Strikingly, the majority of our artificial 407 combinations of SAGs from different phylogenetic classes would be considered 'high quality'
408 genomes according to recently proposed genome standards for SAGs and metagenome bins 409 (Bowers, 2017) . In order to assess whether similar, cross-class contamination may be affecting 410 our metagenome bins, we analyzed AAI among Solagigasbacteria SAGs and the only OV2 411 metagenome bin that contained a rRNA gene (bin8). While the rRNA gene placed this bin firmly 412 among the Infratellusbacteria (Figure 1) , its AAI suggested affiliation with Rokubacteria ( Figure   413 3). Furthermore, the best BLAST hits to bin8 genes consisted of SAGs from both class-level 414 lineages, including multiple near full-length alignments at > 95% nucleotide identity with 415 Rokubacteria SAGs (Supplemental Table 6 ). This indicates that the checkM-based estimate of 416 2% contamination for this bin may be a major underestimate. These findings imply that 417 improvements are urgently needed in the quality control of genome assemblies originating from 418 uncultured microbial groups and in the validation of the performance of QC software.
419
The comparison of SAGs and metagenome bins demonstrates that the two approaches Table 1) , and select genomes from the Nitrospirae phylum. Boxes indicate phylogenetically defined 693 class-level lineages or above (also see Figure 1 and Supplemental Table 2 ). 
